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Local scale invariant theory leads to the existence of a new particle called the Weyl vector meson. 
In this theory, having only one scalar field, Higgs particle get eleminated from the physical spectrum. 
In generalized local scale invariant standard model having an additional real scalar field, Higgs 
particle remains in the spectrum and have coupling with Weyl meson. Weyl-Higgs coupling leads to 
interesting phenomenon in particle colliders as well as for certain range of coupling parameter Weyl 
meson acts as suitable candidate for dark matter and can solve the dark matter problem. Here we 
examine the possibe range of the coupling parameter and the mass of Weyl meson to solve the dark 
matter problem. We also find that in colliders we can have some signature of this vector particle 
for certain value of coupling parameter. 



I. INTRODUCTION 

One of the major problem of modern physics is the 
dark matter and dark energy. After the discovery of 
inconsistency in rotation curve of galaxy and in galaxy 
clusters pHi], the idea of dark matter came up. Today 
we know that expansion of the universe is accelerating 
0, 0] and this acceleration is caused by some mysterious 
fluid, named dark energy. Observations shows that 23% 
of total visible universe is in the form of dark matter and 
72% is dark energj0[3|- There are many proposals for 
dark matter candidates [{j-ll^. One interesting possibil- 
ity is the Weyl meson which arises naturally in local scale 
invariant theories. This symmetry was introduced by H. 
Weyl in 1929 The gauge particle associated with 

this symmetry is called the Weyl meson. Local scale 
invariance has been revived by many authors in 1970s 
[Lj - 1221 ] . The mechanism for breakin g th is symmetry has 
been discussed in [23T - [25l | . In Refs. |26l. |27|. it has been 
shown that Weyl meson acts as a dark matter candidate 
in local scale invariant standard model. In this model, 
containing only one real scalar field, Higgs particle get 
eliminated from the particle spectrum. Cosmological im- 
plications of Weyl meson in this theory have been studied 
in [iH HH-Hil ■ Absence of Higgs particle leads to viola- 
tion of perturbative unitarity beyond electroweak scale 
[3l|, [Hj]. So this theory need to be generalized. In gener- 
alized local scale invariant standard model [33] having an 
additional scalar field Xi the Higgs like particle remains 
in the physical spectrum and also couples directly with 
Weyl meson. The coupling strength is determine by the 
parameters / and ft. This theory is phenomenologically 
intersting as it contains the Higgs particle, Weyl meson 
as well as coupling between these two particles. 

In this paper we are interested in studying the impli- 
cations of Higgs- Weyl coupling in detail. The free pa- 
rameters of the theory are / and ft . We can write the 
parameter / in term of Ms, where Ms ~ fm p i is the 
mass of Weyl meson in this theory. Now we are left only 



with ft . For the model introduced by Cheng [26[ , there is 
a cosmological constraint on the mass of Weyl meson as 
shown in Ref.[2!|. Here we are not considering any uni- 
tarity bound on the mass of Weyl meson. Our main goal 
in this paper is to look for the process involving Higgs- 
Weyl coupling at colliders as well as in cosmology and to 
put some constraint on the value of coupling parameters 
ft and mass Ms- 

This paper is organised as following. In Sec. II we start 
with generalized local scale invariant standard model and 
write down the interaction Lagrangian for Weyl meson. 
We discuss implications of Weyl meson at colliders. For 
that we calculate the Higgs production cross section at 
LHC by including these interaction term. In Sec. Ill we 
consider the Weyl meson as dark matter candidate and 
find the possible values of parameters for which it has 
relic density equal to dark matter energy density. In Sec. 
IV we further constrain these values by demanding the 
life time of Weyl meson to be equal or greater than the 
age of universe. Finally we conclude in Sec. V. 



II. WEYL MESON AND HIGGS BOSON 
PRODUCTION AT LHC: IMPLICATION OF 
GENERALIZED LOCAL SCALE INVARIANT 
STANDARD MODEL 

The generalized action for local scale invariant Stan- 
dard Model, inclu ding an additional real scalar field x-> 
may be written as |33l l34j 



S = 
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Here % is Higgs doublet and R' represents the scale- 
covariant curvature scalar (35[. The field Xi m this model 
is a singlet under electroweak symmetry transformaitions 
and Higgs doublet is chosen in such way that only its ^3 
component is nonzero. Quantum expansion of the fields 
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X = Xo + X, 
9^u 9fiv "(" hftv 



53,0 
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where classical value of field x 1S taken of the order of 
Planck's mass. 

Detailed quantum treatement of this model has been 
discussed in Ref.[33j]. There it was shown that the mass 
matrix for these fields can be decomposed into unper- 
turbed and perturbed parts. The diagonalization of un- 
perturbed mass matrix, considering only leading order 
terms, gives three eigenvalues which can be identified 
with Goldstone type mode(x), Higgs particle(03) and 
graviton(Zi). Now we can write the action in term of 
these particles. Here we are interested only in the inter- 
action terms for the Higgs and the Weyl meson. These 
arises from kinetic energy term of Higgs boson and cou- 
pling of Higgs with gravity in the action. So we can write 
the interaction Lagrangian as 



dm =\fPAh 2 S^ + 2vffaS> l S M + ffo 2 S"S»] 
The mass of Weyl meson in this model is given by 



(3) 
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FIG. 2. Production of Higgs Boson and real Weyl meson at 
LHC. 



consider this process and modify it with this coupling . 
The complete process is shown in Figj2] 

Let e M be the polarisation vector of outgoing Weyl me- 
son, then the matrix element for this process can be writ- 
ten as 



M oc k"e L 



hence 



]T|X| 2 cx5>%| 2 = 



due to transversality condition [37|, |38[ for real vector 
meson. Hence no real Weyl meson can be produced for 
this type of interaction at colliders. 



Ml = f 



Xo(l + T 



v 2 I 1 



(4) 



B. Virtual Weyl meson and associated Higgs boson 
production at LHC 



We do not know the values of parameters / and j3\. 
Here we assume that / is sufficiently small and (3\ is 
sufficiently large such that fj3\ is of order unity. In this 
case mass of Weyl meson is small and it may produce 
observable effects at colliders such as LHC. We only need 
to consider the first term in Eq.([3]). It may be represented 
diagrammatically as, 



S" 



k / 
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The amplitude for real Weyl meson production came 
out to be zero, so we consider the Weyl meson as a virtual 
particle giving two real Higgs bosons. This will lead to 
three Higgs production at LHC. Here we consider only 
the leading order diagrams of this process, shown in Fig|3] 





FIG. 1. Higgs- Weyl meson Interaction. 
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FIG. 3. Virtual Weyl meson and three Higgs production at 
LHC. 



The Higgs and Weyl meson propagator are 



A. Real Weyl meson production at LHC 

Since we get an interaction term between Higgs bosons 
and a Weyl Meson, we may study this coupling in the 
Large Hadron Collider. At LHC gluon-gluon fusion is the 
most dominant process for Higgs production [36l . [37j ,we 



Weyl Meson . 
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The complete matrix element for this process can be writ- 
ten as 



3 



M =(-i.g s ) 2 (-^) i 3 Tr[t a t b ]e„(Ai, qi ) e ll (\ 2 ,q 2 ) 



dH 



(2tt) 4 D x B 2 B, 



■ Tr [(/+ k2 + m)y*(/ + m) 7 l '(/- & + m) 



+ (- /+ k\ + mWi- /- ^2 + m)] - r 



k 2 ~M 2 
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where 



Calculation of Cross-section 



Di = l 2 - m\ D 2 = (l- qi) 2 - m 2 
D 3 = {1 + q 2 ) 2 - m 2 

Here m is the mass of quark in the loop and the most 
dominant contribution comes from the top quark. We 
follow the procedure given in Ref.[39| to do the loop in- 
tegration over I and get 



M = Mr 



H 
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Ml 



-Ml 
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where 



Mi = a{ei.e 2 - -a(e 1 .q 2 )(e 2 .q 1 ) 
s 

a=^[l + (l-A)/(A)] 



and €i = e M (Aj, fcj) are the polarisation vector of the glu- 
ons having spin state A^. We average over initial spin 
state of protons and colour states of gluons. Further- 
more g 2 = 8na s and = (v / 2G/m 2 ) 1 / 2 .The colour 

trace term is Tr[t a tb] = hS a b. After putting all these 
factors and summing over spin state of gluons Ai, A2, we 
get the squared amplitude for this process as 



The cross-section for this process at parton level can 
be written in CM frame as |40| 



(12) 



where is the three-body phase space. 

Three body phase space integration can be done easily 
by decomposing it into two body phase space integral 
(see e.g 0,113). 

Total cross-section for this process is given by 



dxidx 2 f{x 1 )f(x 2 )a 



(13) 



where x\ and x 2 are momentum fraction of gluons and 
§(= SX1X2) is the square of total CM energy of the system 
at parton level. Taking x \x 2 — T and x 2 as the indepen- 
dent variables [33 , the total cross-section become 



<IT I ^f(-,Q)f(x 2 ,Q)a (14) 
It x 2 x 2 



Here f(x, Q) is the parton distribution function(PDF) 
for the gluons. We also find the differential cross-section 
for this process to see the behaviour at on mass-shell 
condition of Weyl meson. 



da 
dsu 



dT 



^f(-,Q)f(x*,Q)^- (15) 

x 2 x 2 dsi 2 
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where we defined the Mandelstam variables as 



and 



Am 2 



S12 



k 2 ) 2 



M 2 ) 2 
(9) 
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P = Vl^A 



A 

A(A) = ^\[1+(I A)/! A)] 
/(A) 



(11) 




A > 1 



A < 1 



The differential cross-section for the three Higgs produc- 
tion, da/dSi 2 , is shown in FiglU The total cross-section, 
a, is shown in FigjSJ In these calculations we have used 
the CTEQ PDFffl 

Here we have calculated the three Higgs production 
cross-section by setting f/3% — 1, which is the maximum 
allowed value of the coupling within the perturbation re- 
gion. It is clear from FigfJ] that the differential cross- 
section varying smoothly with S12 even in the vicinity of 
S±2 = M%. This is because the production cross-section 
for real Weyl meson is negligible in this theory. 

We find (FigJS]) that the total cross-section for three 
Higgs production varies from lpb at Ms ~ 10 GeV to 
10 _8 p6 at Ms Rj 1200 GeV. Hence the cross-section falls 
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III. WEYL MESON AS A DARK MATTER 
CANDIDATE 

The Weyl meson acts as a dark matter candidate since 
it interacts only with Higgs boson and no other SM par- 
ticles. In Sec. II we wrote down the various interaction 
terms for Weyl meson. At very early time in the uni- 
verse, when temperature was very high, Weyl Meson may 
remain in thermal equillibrium with other particles by 
these interactions. Its number density keeps on changing 
by the coannihilation process. As the temperature drops 
down its interaction rate become less than the expansion 
rate and coannihilation process ceases, it gets decoupled 
from other particles and its number density freezes out 
at this temperature and remains as relic density. 



FIG. 4. Differential cross-section of three Higgs production 
at 7 TeV of CM energy for M s = SOOGeV. The dashed line 
in this figure indicates the position where S12 = M§ . 



A. Coannihilation rate of Weyl meson 



The dominant annihilation processes for Weyl meson 
are shown in FigjSJ Interaction rate for annihilation pro- 
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FIG. 6. Weyl meson annihilation processes. 



FIG. 5. Leading order three Higgs production cross-section 
at 7 TeV of CM energy for m H = l26GeV . 



T = n eq < <jv > 



sharply with increase in the mass of the Weyl meson. 
For comparison, the production cross-section for single 
Higgs boson with m# = 126, is roughly 3pb. Hence for 
small values of the Weyl meson mass, the three Higgs 
production cross-section is not negligible compared to 
single Higgs cross-section. The background to the three 
Higgs cross-section would arise from the top quark loop. 
This will include two additional vertices of top quark 
with the Higgs boson. Hence the process is suppressed 
by {an) 2 ~ 10 -2 , compared to single Higgs production. 
We, therefore, conclude that for small Mg < 100 GeV, it 
may be possible to extract the contribution due to Weyl 
meson to three Higgs production cross-section at LHC. 



where < av > is the thermally averaged annihilation 
cross section given by [H, Q 



< av >- 
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Here K\ (x) is the modified Bessel function of second kind 
of order 1, g s is the number degrees of freedom of Weyl 
meson and P12 is the momentum in center of mass frame 
of incoming particles, which is defined as 



A 



(mf 
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The scattering amplitude for annihilation of two Weyl 
meson into fcrmions can be written as 



M 1 =-f 2 (i 1 {V2G } ) 1 *m tt 



q 2 — mir + im^Ti 



«(piMp 2 ) (18) 



spin 



1 / (j 2 ^v) 2 ^2G s m 2 \ f s* 



*(1 + 12A2-4A s )(1-4A 6 ) 
where A is defined as 



(19) 



X, 



M- 



Now we can write the cross section for this process in CM 
frame of incoming particles as 



327rPi 2% /i ' Pl2 2 V 1 



y/i / 4M| 



(20) 



The resulting coannihilation rate for this process become 
£(f 2 Piv) 2 G f m 2 T 



8192\/27r 5 M^ 



S n eq 

00 S iyi^4A:(l-4A s + 12Ag) 



4M 



(21) 



For numerical integration, we change the variable s to x 
(see Hi]). 



_!_ _ Ml = T 2 
42^2 y2 



2/ 



(22) 
(23) 



and write the expression for n eq in term of modified 
Bcssel function of second kind of order 2 (i^Oc)) 



ie Q = j^TM 2 K 2 (y). 



(24) 



We can simplify the expression for coannihilation rate in 
the limit s >> m 2 H , as we are considering these process 
very early in the universe, when temperature was very 
high. Considering only those terms which are linear in 
A, results in coannihilation rate 



g s (f 2 l3iv) 2 G f m 2 b T 



Ti = 



J dxx 4 K 1 (2y/x 2 +y 2 ) 



(25) 



Similarly we can write the coannihilation rate for second 
process as 



Next process is the annihilation of Weyl meson with 
Higgs particle, for which we have s, t and u channel pro- 
cesses. Matrix element of these process will be sum of all 
these channel, i.e M = M s + M t + M u 
where 
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Ms= "s m \(s-Ml) 



k^k v 
^ ^ ~ ~Ml )kv 



'(e.k)(l 



-y 



(s-Ml) 



~ 8 IPlV Ml 



Similarly for other channels 
M t 



.-f 3 B 2 ,,£^i 



(27) 



(28) 



Here we have used subscript on k to define it in different 
channels. 

The amplitude of this process contains square term of 
each channel's matrix element and also the cross terms, 
which we can write by using 



(e.k s )(e.k t ) 



(p.k s )(p.k t ) 



Ml 



and 



(e.k s ) 2 
p.k s 



(p-ks) 2 

M 2 ' 



k 2 +p 2 



M| - m 



H 



(29) 



We obtain similar expressions for other channels by re- 
placing s with t and u. The cross section for this process 
may be written as 



4Pl2^ 



J Y,(\M s \ 2 + \M t \ 2 + \M u \ 



(30) 



2M s M t + 2M S M U + 2M t M u )d$>. 



In this case incoming particles are the Higgs and the Weyl 
meson. 

Following the same procedure as before, we define the 
new variables x, y and y\ such that 



yi 

~2 



M s + m H 
T 



Ms 
T 



(M S 



(26) 



J^2 



(31) 



and write the interaction rate T3 in term of these vari- 
ables. Here again we simplify the expression in the limit 
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s >> rn 2 H , and consider only linear terms in Ms/ s. So 
T3 will be of this form 



r, = 



3271^4 Jo 



dxF{x,y,y 1 )K l {sf^+^ l ) (32) 



where we have absorbed all other constants in the func- 
tion F(x,y,yi). Total annihilation rate T of Weyl meson 
is the sum of all three interaction rates, i.e , i.e 



r = r 1 + r 2 



(33) 



B. Decoupling of Weyl meson and its abundance 

As the universe expands, temperature drops down and 
probability of annihilation of Weyl meson gets decreased. 
At some temperature annihilation rate become equal to 
the expansion rate of universe, known as freeze out tem- 
perature Tf. Below this temperature there is no annihi- 
lation process, Weyl meson decouples from the surround- 
ing and moves freely in the universe. The number density 
n/, which it has at freeze out temperature, will get frozen 
and decrease only because of expansion of universe. 

At freeze out temperature, T = H, 



l f{<7V)f 



rripi 



(34) 



whcr 



( ) is the thermally averaged anni- 



hilation cross-section at freeze out temperature Tt and g„ 
is the number of relativistic degrees of freedom of the all 
species present at that time. We can write it in invariant 
form as [46| 



G) 



74.7^ 



S/f 2n 2 m p i(av) f g^Tf 



(35) 



where we have used the formula for entropy density S of 
universe given by 



5' 



45 



■g*T 3 



As this quantity remain constant, we obtains 



(I) 



S / today \ S J f 



(36) 



(37) 



Hence we can write the abundance of Weyl meson in 
present universe as 



74.7SoAf s 



2ir 2 m p i yfglTfPc (av) f 



(38) 



where Sq is the present value of entropy density, p c is the 
critical density of universe and value of g* w 106.75 for 
processes at very high temperature. 



Using T, given in Eq.([33|) and / = Ms/m p i, we solve 
Eq. ([55]) numerically for different value of /3i and Ms set- 
ting the value of fl s to be equal to present dark matter 
density (£l s = 0.3). In all calculations we take the mass 
of Higgs boson ran = 126GeV, as claimed by CMS and 
ATLAS groups. 
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FIG. 7. Coupling parameter as obtained by constraining 
the relic density of Weyl meson to be equal to the dark matter 
density(f2 3 = 0.3) for different freeze out temperature Tf and 
mass Ms- 



The values of the parameter /3± and Ms for decoupling 
temperature Tf = 10 10 to 10 13 GeV are shown in FigfT] 
We find, as expected, the lower j3i leads to lower decou- 
pling temperature. Furthermore /3i also increase with 
M s . 



IV. DECAY OF WEYL MESON 

Weyl meson also has the probability to decay into 
Higgs particle. It may be possible that all the Weyl me- 
son particles have already decayed and today they may 
not be present in the universe. Consider the simplest 
process for the decay of Weyl meson into pairs of Higgs 
particles and fermions, as shown in FigjS] 

The amplitude for this process is given by 



nib- 



spin 



' (k 2 — m 2 )(q 2 — rn 2 H ) 
u( Pl )v(p 2 ) (39) 
A 2 (f(3 2 ) 2 (e.k) 2 (l-k 2 ) 2 (4 Pl .p 2 



k/j.k L 



Ami) 



(k 2 — m 2 ) 2 (q 2 



4) 2 



(40) 



where A contains all the constant. Now we define four 
momenta S12, S34, such that 



(<Zi + 92) 2 



S12, 



{pi +P2T 



S34- 



(41) 
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values of /3i and Ms the Weyl meson can have, as shown 
in FigM 



_ H 



FIG. 8. Decay process of Weyl meson. 



In term of these variables, we find 

Pi-P2 = {— -m b ), (e.fc) =-si 2 H o 

2 

(42) 

and amplitude of this process becomes function of the 

variables S12 and S34. 

The decay rate for this process is 



(43) 



where d$ is the four dimensional phase space integral and 
again can be decomposed into product of two dimensional 
phase spase integral [42] 



(is 12 ds 



:s 1 



2?r 2tt 



Here d^2{Pi,Pj) is the two dimensional phase space inte- 
gral in rest frame of particles having momentum pi and 

Py 

If Weyl meson is the dark matter candidate, then it 
must be present in today's universe. So its life time(r = 
1/r) must be at least equal to or greater than the age 
of the universe. We determine T numerically from Eg 1431 
and find those values of j3i and Ms for which the life time 
of Weyl meson is equal to the age of the universe. 

Here we have considered only the simplest process of 
Weyl meson decay, as we are interested only in its decay 
rate to constrain the value of parameter j3i and mass Ms- 
Final product of Weyl meson decay can also be photons 
or electron-positron pairs. There are many observations 
showing the excess of positrons in cosmic rays [U |48| . 
This excess of positrons may also be due to the Weyl 
meson decay product. We postpone the detailed analysis 
and fitting of data for future research. 

We have now obtained the range of parameter j3\ and 
mass Ms from its relic density condition and its decay 
rate constraint. If Weyl meson is the dark matter candi- 
date then it must satisfy both of these conditions. Com- 
bining these two results we have obtained the possible 




£2 =0.3 



FIG. 9. Possible values of parameter /3i and mass Ms of Weyl 
meson to solve the dark matter problem at given decoupling 
temperature Tf. 

Here decoupling temperature Tf is still an unknown 
parameter, but the intersting result which we have ob- 
tained is that the mass of Weyl meson can not be greater 
than 500 GeV and the parameter /3± can have minimum 
value w 10 15 . These are the values which Weyl meson 
can have if it is a very weakly interacting particle, such 
that it decouple immediately after the reheating of the 
universe^ sa 10 14 GeV). If ft is smaller than 10 15 
then the Weyl meson decouples before the reheating of 
universe and no constraint can be imposed on its relic 
density. We also find that the low mass range of Weyl 
meson, which may be observable in colliders, is allowed 
by cosmological constraints. 



V. CONCLUSION 

Generalized local scale invariant theory leads to the 
direct coupling between the Weyl meson and the Higgs 
boson [33|. Weyl meson has been introduced in 1929 
In this paper we have discussed the implications of 
Weyl meson in collider physics and in cosmology in de- 
tail. We find that in colliders real Weyl meson can not 
be produced for such type of interaction, but it can be 
produced virtually and leads to the production of three 
Higgs particles. We have discussed the three Higgs pro- 
duction process at LHC which can give us the signature 
of Weyl meson for some finite value of coupling param- 
eter. Furthermore, in this model Weyl meson acts as a 
dark matter candidate. We have discussed how for cer- 
tain range of coupling parameter f}\ and mass Ms Weyl 
meson can solve the dark matter problem. Although its 
decoupling temperature Tf is still an unknown param- 
eter, but we have found the upper bound for the Weyl 
meson mass Ms and lower bound for its parameter /?i ( 
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M s < 500 GeV , fa > 10 15 ) so that it is in thermal equi- 
librium with the cosmic fluid at some early time after the 
reheating of the universe. In future we may have some 
data from colliders and from cosmic observations to test 
this model and to fix the values of these parameters. 
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